Abstract-Over the regime of the radiation-induced zero-resistance states and associated oscillatory magnetoresistance, we propose a low-magnetic-field analog of quantum-Hall-limit techniques for the electrical detection of electron spin and nuclear magnetic resonance, dynamical nuclear polarization via electron spin resonance, and electrical characterization of the nuclear spin polarization via the Overhauser shift. In addition, beats observed in the radiation-induced oscillatory magnetoresistance are developed into a method to measure and control the zero-field spin splitting due to the Bychkov-Rashba and bulk inversion asymmetry terms in the high-mobility GaAs-AlGaAs system.
I. INTRODUCTION
T HE INTEREST in spintronics and spin-based semiconductor quantum computing has increased the regard for the spin degree of freedom, and especially semiconductor systems that allow for the control of spin [1] - [12] . Low-dimensional electronic systems (LDESs) have consequently drawn special attention because, at low temperatures , they include properties which make possible relatively simple electrical detection and radio-frequency (RF)/microwave control of nuclear and electronic spins. For example, microwave-induced electron spin resonance (ESR) can be resistively detected in the quantum Hall regime, the ESR can be utilized to build up nuclear polarization via the flip-flop interaction, and the nuclear spin state can be subsequently characterized, also using an electrical measurement, by examining the back action of the nuclear magnetic field on the ESR [13] - [19] . Such electrical characterization techniques are valuable because they can potentially help to characterize the spin state over microscopic-length scales.
Our studies have examined the above-mentioned approach toward the initialization, control, and readout of the nuclear spin polarization in spin domains within the LDES, with a view toward spintronic and quantum computing applications. The goals have been to develop the capability to measure and control a spin domain, to scale down its size to reduce the number of spins per domain, and to finally realize the capacity to simultaneously handle, i.e., measure and control, a multiplicity of domains on a single chip [16] - [19] .
Here, we propose the possibility of extending these quantumHall spin measurement and control techniques into a low mag- netic field limit, by building upon the recent observation of novel zero-resistance states [20] which can be artificially induced and easily tuned by microwave excitation of the 2DES, at low magnetic fields, 0.5 T [20] - [50] . This new radiationinduced physical effect, which brings quantum-Hall-effect-like vanishing resistance states and activated transport characteristics to extremely low magnetic fields [20] , [21] , suggests possible future resistive spin detection and RF/microwave spinmanipulation techniques in the vicinity of a zero magnetic field. An attractive feature of operating in the vicinity of a zero magnetic field is that it is likely to increase the scope of possible future applications by simplifying device implementation.
Thus, we suggest the electrical detection of ESR in the domain of the microwave induced zero-resistance states, with the aim of utilizing the ESR to build up nuclear spin polarization in a weak magnetic field limit. A polarized nuclear spin system might subsequently be characterized at low through the detection of the Overhauser shift of the electrically detected ESR in the regime of the radiation-induced zero-resistance states [51] . This approach might also be utilized to measure the spin relaxation and coherence times in the vicinity of null magnetic field.
Additionally, a lineshape study of beats in the radiation-induced oscillatory magnetoresistance is applied to extract the electronic spin splitting due to spin-orbit effects in the vicinity of the zero-magnetic field [27] . A suggestion is also made for the measurement, manipulation, and control of the zero-field spin splitting (ZFSS) using this technique. This paper is organized as follows. Section II presents background and related work on electrical detection and the RF/microwave spin techniques in the quantum Hall regime. Section III-A illustrates experimental results, which demonstrate the functionality of the approach described in Section II. Section III-B exhibits the relevant characteristics of the radiation-induced zero-resistance states observed in the low field limit. Section III-C examines the suggested approach for characterizing the zero-field spin splitting in high-mobility two-dimensional (2-D) electron systems using the radiationinduced resistance oscillations. Finally, Section IV extends, by analogy, the quantum-Hall spin-detection techniques into the regime of the radiation-induced zero-resistance states and sketches the control, using measurement feedback, of the zero-field spin splitting in the GaAs-AlGaAs system.
II. BACKGROUND
A two-dimensional electron system (2DES) at high magnetic fields exhibits Landau quantization, and disorder leads to level broadening, along with the localization of states between the Landau subbands, in the low limit [13] . When the Fermi level Fig. 1 . Nuclear spin polarization, at a given temperature, can be boosted by saturating the ESR in a coupled electron-nucleus system (see [51] ).
in the 2DES is pinned amongst the localized states, a quantized Hall effect is manifested by zero-resistance states, i.e.,
, and quantized plateaus in the Hall resistance . Here, is the asymptotic behavior in the limit. In practice, at liquid helium temperatures, a finite resistance is observed, and follows an activation law, i.e., , where is an activation energy [13] . A nonvanishing electronic factor removes the spin degeneracy. When the Fermi level is pinned in the localized states between spin split subbands, the system exhibits, once again, activated transport leading into zero-resistance states. Then, the conditions become favorable for the measurement and control, with spatial resolution, of nuclear and electronic spins in such systems. In particular, ESR induced, for example, by microwave excitation, becomes observable in the electrical response [14] , [17] - [19] , [51] . Further, under steady-state ESR, the decay of spin-excited electrons leads to the spin polarization of nuclei via the flip-flop, electron-nuclear hyperfine interaction. The magnetic field arising from the spin-polarized nuclei then provides a back action on the electrons, leading to an Overhauser shift in the electrically detected ESR, which can then serve to characterize the magnetic state of the nuclear spin system.
The hyperfine (spin-spin) interaction between an electron and a nucleus , [14] , [51] , implies a four-level system for spin-1/2 particles (see Fig. 1 ). The saturation of the ESR by the application of intense microwave radiation tends to equalize the electronic population of the levels, while the phononassisted "flip-flop" exchange of spin between electrons and nuclei through the off-diagonal term provides a mechanism for realizing a steady state (see Fig. 1 ), which includes a large population difference between the nuclear spin states [17] - [19] , [51] . As the effective Boltzmann factor describing the steady-state nuclear spin polarization comes to be determined by the electronic spin-flip energy ( Fig. 1) , it is, in principle, possible to realize a large nuclear spin polarization using this technique at a relatively high temperature [51] . A build-up of the nuclear spin polarization by ESR also generates a nuclear magnetic field via the nuclear magnetic moment, which modifies the spin resonance condition for electrons. Thus, there is a characteristic B-field shift of the ESR with the spin polarization of nuclei, as mentioned previously, that is proportional to the nuclear magnetic field . This Overhauser shift makes it possible to characterize the nuclear spin state through a measurement of the electrically detected ESR. In addition, dynamic nuclear polarization implies that the electrical resistance becomes sensitive to the nuclear spin state, suggesting also the possibility of nuclear magnetic resonance detection through a resistance measurement [14] - [19] .
Thus, such physical phenomena can, in principle, be utilized to realize discrete, independently controlled, and separately measured nuclear spin domains. In particular, nuclear spin initialization to a logic "1" state can be achieved at a relatively high temperature by applying dynamic nuclear polarization. A local operation on a single domain can be implemented by introducing or removing electrons into the nuclear neighborhood using a voltage-controlled "gate," as the specimen is irradiated with a global microwave field. A "0" state would then follow from a "1" state upon spin-rotation with an RF -pulse. A superposition of "1" and "0" states might be realized by initializing a domain and then subjecting it to a resonant RF pulse. Readout of the nuclear spin state is accomplished by detecting the shift in the electrically detected ESR due to the nuclear magnetic field. Here, the "1" and "0" states will exhibit opposite Overhauser shifts, while state superposition might be reflected as an oscillatory Overhauser shift [16] - [19] . According to the theoretical studies of Taylor et al. [52] an ensemble of nuclei, i.e., a nuclear spin domain, can serve as a repository or storage media for the quantum information associated with a mobile electronic qubit, and it is possible, in principle, to transfer quantum information in both directions, between the mobile electronic qubit and the nuclear spin domain with high fidelity. The operations described above can serve, for example, to prepare the spin domains for such a function.
III. EXPERIMENT

A. Spin Measurement and Control in the Quantum Hall Regime
In this section, some concepts associated with the above-mentioned approach are illustrated through experiment. For this purpose, measurements were carried out on GaAs-AlGaAs specimens, which were mounted inside a waveguide, in a low-temperature cryostat including a superconducting magnet. The samples were typically irradiated with amplitude-modulated microwaves over the frequency range 60 GHz, as a double lock-in technique was employed to extract the microwave-induced signal that exhibits ESR. For nuclear magnetic resonance (NMR) measurements, the specimens were subjected to simultaneous microwave and RF excitation, with the RF spanning the range 30 100 MHz [16] - [19] . Fig. 2 shows the typical transport response of a 2DES device under microwave excitation at 35.3 GHz. In this swept-, fixed-experiment, the microwave excitation helps to realize a resonance condition, when the photon energy matches the level spacing of the electron spin-split bands, and this leads to a resonant heating of the electron system, which is manifested as a detectable change in the electrical resistance. As illustrated in Fig. 2 , the microwave induced signal exhibits such ESR in the vicinity of 9 T. Fig. 3 exhibits electrically detected ESR in a complementary fixed-, swept-experiment. The fixed-experimental data shown in Fig. 3 indicate nonmonotonic, -insensitive, microwave-induced signals , which are attributed to -dependent radiation intensities at the sample. In addition, there is a strong -sensitive response versus , which is the ESR signal. In order to characterize the resonance, the lineshape of the ESR signal was fit with Gaussian and Lorentzian lineshapes. Such fits indicated an inhomogeneous broadening contribution to for electrons.
A role for dynamic nuclear polarization in such experiments can be motivated by exhibiting hysteretic transport in, for example, fixed-, swept-measurements, of the type shown in Fig. 4 . Here, in Fig. 4 , a broad linewidth observed in the downsweep measurement is a manifestation of the Overhauser shift since a nuclear magnetic field compensates for the reduced applied magnetic field and helps to maintain the ESR condition even below the where ESR would normally occur.
The role for nuclear polarization in this line broadening can be confirmed by examining the sensitivity of the electrical resistance to NMR. For this purpose, microwave and RF excitation were simultaneously applied to the specimen, with the RF chosen to coincide with the nuclear magnetic resonance frequency of the host nuclei, i.e., Ga or As. The observation of electrically detected NMR, illustrated in Fig. 5 , confirms that enhanced nuclear polarization is responsible for the hysteretic transport observed in Fig. 4 . 
B. Novel Radiation-Induced Zero-Resistance States
The spin manipulation and measurement techniques described in the previous section operate in a quantum-Hall regime characterized by activated transport and vanishing resistance, typically at high magnetic fields. However, the high field requirement is likely to complicate real-world applications. The question then arises whether there is a possibility of realizing and implementing a similar approach in a lowlimit. Basically, from the perspective of the experimentalist, this seems to require bringing the essential quantum-Hall features, vanishing resistance and activated transport, to the vicinity of zero magnetic field. We describe new phenomena below, which help to bring such quantum-Hall features to the desired low magnetic field. The approach includes the added benefit of simple tunability of the zero-resistance states.
Briefly, experiments indicate that ultrahigh-mobility GaAs-AlGaAs heterostructures including a 2DES can exhibit novel quantum-Hall-like vanishing resistance states, without Hall resistance quantization, at low temperatures and low magnetic fields , when the specimen is subjected to electromagnetic (EM) wave excitation. Zero-resistance states occur about, for example, and , of the characteristic field , where is the electron mass, is electron charge, and is the EM-wave frequency, as the resistance minima follow the series , where
Temperature-dependent measurements on the observed resistance minima also indicate activated transport [20] . Simply put, these novel zero-resistance states exhibit the desired quantum-Hall characteristics so far as our objectives are concerned.
For the associated experiments, specimens were fabricated from ultrahigh-mobility GaAs-AlGaAs heterostructures exhibiting a mobility (1.5 K) up to 1.5 10 cm Vs. Typically, the sample was once again mounted inside a waveguide, immersed in pumped liquid helium, and irradiated with microwaves, this time over the range 27 120 GHz [20] . Fig. 6(a) shows the diagonal and Hall resistances measured in the four-terminal configuration. Here, and exhibit the usual quantum-Hall behavior for 0.4 T even under microwave excitation at 103.5 GHz. In contrast, Fig. 6(a) ], a radiation-induced signal occurs and, remarkably, the resistance vanishes over a broad B-interval about 0.198 T. Further high-resolution measurements are shown in Fig. 6(b) . Without EM excitation, exhibits Shubnikov-deHaas oscillations for 0.2 T. The application of radiation induces additional oscillations, and, at the deepest minima, falls well below the resistance measured without radiation, as it vanishes around and . Although these resistance minima saturate at zero-resistance as in the quantum-Hall regime, does not exhibit plateaus over the same -interval. We have found that minima occur with , [20] , [48] . As depends on , the periodicity of these radiation-induced magnetoresistance oscillations changed with , and a given resistance minimum moved to higher with increasing .
The temperature variation of at 85 GHz, shown in Fig. 7(a) , displays both the strong -dependence of and the low-requirement for observation of the zeroresistance-states. The -variation of at the deepest minima demonstrate activated transport, i.e., [see Fig. 7(b) ], and the activation energy exceeds the Landau level spacing [20] , [21] .
These fundamental features, vanishing resistance and activated transport, are strongly reminiscent of the quantum-Hall situation [13] . Indeed, since these two key features are the active ingredients, from the experimental perspective, for the functioning of the approach described in Sections II and III-A, there appears to be the possibility of utilizing these vanishing resistance states in lieu of the quantum-Hall zero-resistance states toward developing a low field analog of the approach suggested in Section III-A.
It is true that there are measurable differences in the electrical transport between the regime of the radiation induced zero-resistance states and the regime of the quantum-Hall effect, such as, e.g., the absence of Hall resistance quantization in the case of the microwave-induced effect [ Fig. 6(b) ]. Yet, since the Hall resistance is not actively used in the experimental measurements of spin resonance as in Figs. 2-5 , we expect that Hall resistance quantization, or lack thereof, will not modify the functioning of the experimental technique. A key ingredient for the operation of the techniques of Section III-A is the suppression of the diagonal resistance that originates from the residual scattering in the 2DES. Once this contribution has been suppressed, the resistance reflects a special sensitivity, due to "activated transport," to the microwave induced ESR, and this is the physical feature that makes possible electrical detection of spin resonance [14] . From this perspective, it appears that the radiation induced zero-resistance states ought to serve as an adequate replacement for the quantum-Hall resistance states.
C. Determination of the Zero-Field Spin Splitting From the Radiation-Induced Oscillatory Resistance
In the previous section, we demonstrated novel radiation-induced zero-resistance states in the GaAs-AlGaAs system and reasoned that they could serve in lieu of quantum-Hall zero-resistance states at low-in the development of electrical spin detection techniques for low magnetic field applications. Before further exploring such a possibility in the next section, we show here that beats observed in the low field radiation-induced resistance oscillations might serve as a sensitive probe of the zero-field spin splitting originating from the Bychkov-Rashba term and Bulk Inversion Asymmetry term in the high-mobility 2DES [53] , [54] .
It is well known that mobile 2-D electrons can experience, in their rest frame, an effective magnetic field that develops from a normal electric field at the semiconductor heterojunction interface due to the so-called Bychkov-Rashba effect [53] . As this magnetic field can, in principle, be controlled by an electrical gate, it has been utilized in the design of novel spin based devices such as the spin transistor [2] . In the 2DES realized in wider gap GaAs-AlGaAs, a bulk inversion asymmetry (BIA) contribution to the ZFSS, can also provide a "Zeeman magnetic field" as [54] - [56] . Although theory has suggested that the BIA term is stronger than the Rashba term in the GaAs-AlGaAs heterostructure 2DES [57] , ZFSS in -type GaAs-AlGaAs is not easily characterized because its signature is often difficult to detect using available methods.
Typical investigations of ZFSS in the 2DES look for beats in the Shubnikov-de Haas (SdH) oscillations that originate from dissimilar Fermi surfaces for spin-split bands [58] - [60] . Yet, it is known that other mechanisms can, in principle, provide similar experimental signatures [59] - [61] . Thus, a need has existed for new methods of investigating the spin-orbit interaction in the 2DES characterized by a small zero-field spin splitting, to supplement the ESR, SdH, Raman scattering, and weak-localization-based approaches [14] , [59] , [62] , [63] .
In this light, the approach outlined below is simpler and provides improved sensitivity because the ZFSS 20 eV) is determined through a comparison of the spin splitting with an easily tunable, small energy scale set by the photon energy 200 eV), unlike the SdH approach which relates the ZFSS 20 eV) to differences between two (spin split) Fermi surfaces with energy of order 10 meV in GaAs-AlGaAs. Fig. 8 illustrates the magnetoresistance observed with (w/) and without (w/o) microwave excitation, in a high mobility condition. The figure shows that, with radiation, there occur oscillations in as described in the previous section. Additionally, these oscillations show a nonmonotonic variation in the amplitude, i.e., a beat, at low (see Fig. 8 ), as they extend to lower . A study of the such transport data obtained at different revealed that, remarkably, the beat remains at a fixed with a change in the microwave frequency. Thus, a lineshape study was carried out in order to characterize this beating effect. Over a narrow -window above the beat, the oscillatory data could be fit with a single exponentially damped sinusoid:
, where is the amplitude, is the damping factor, and is the resistance oscillation frequency. Yet, a lineshape that included a superposition of two such waveforms proved unsatisfactory in modeling the data, when the data exhibited beats.
Thus, a candidate waveform , which can realize beats without phase reversal, was applied in the analysis. Representative data and fit (see Fig. 9 ) show that this lineshape describes the data quite well. A summary of the fit parameters, , , and , is presented in Fig. 10 . A noteworthy feature here is that the beat frequency, 12.3 T, is independent of [see Fig. 10(b) ].
This applied lineshape can be understood by invoking four distinct transitions between Landau subbands near the Fermi level, as in the inset of Fig. 9 . Here, the spin-orbit interaction helps to remove the spin degeneracy of Landau levels as
. If the oscillations originating from these terms have the same amplitude and share the same , then one expects a superposition of four terms: , which constitutes the lineshape that has been utilized to fit the data.
Thus, beats observed in the radiation-induced resistance oscillations can be understood as a consequence of a zero-field spin splitting, due to the spin-orbit interaction [2] , [53] - [60] , [62] - [66] . One might relate to the ZFSS by identifying the radiation-frequency change, , that will produce a similar change in , i.e., , where is the beat frequency, and is the rate of change of with the radiation frequency [see Fig. 10(a) ]. Then, the ZFSS corresponds to 5.15 GHz or 21 eV. In comparison, theory suggests that, in the GaAs-AlGaAs heterostructure 2DES, the upper bound for the total ZFSS is 80 eV [57] .
An ESR study in the quantum-Hall regime, as described in Section III-A, showed that the ESR field , varied as 0.184 T/GHz, in the vicinity of filling factor , which suggests that the effective Zeeman magnetic field is approximately 0.95 T. Here, this is identified as the magnetic field that appears in the rest frame of the electron, in the absence of an applied magnetic field, due to the spin-orbit effects mentioned above. TECHNIQUES TO THE REGIME OF THE RADIATION-INDUCED ZERO-RESISTANCE STATES, AND MEASUREMENT AND CONTROL OF ZERO-FIELD SPIN SPLITTING
IV. EXTENSION OF QUANTUM-HALL SPIN-DETECTION
As reasoned above, electronic systems which exhibit vanishing resistance states and activated transport at high magnetic fields include special features that make possible electrical detection of ESR and NMR. In Section II, the essential physics behind this approach in the quantum-Hall regime was reviewed. In Section III-A, experimental data were exhibited, which illustrated the viability of this approach in the quantum-Hall regime. Although the concepts and techniques functioned as expected in the quantum-Hall regime, the desirability of realizing a similar scheme in the low magnetic field limit was highlighted as part of the effort toward simplifying future device implementation. In Section III-B, we demonstrated novel radiation induced zero-resistance states at low magnetic fields that included both the activated transport and vanishing resistance states characteristics of quantum-Hall systems. In Section III-C, we also suggested that beats in these novel radiation-induced resistance oscillations might serve to directly measure the zero field spin splitting and the Zeeman magnetic field that appears in the rest frame of the electron due to the spin-orbit interaction.
Here, we outline, by analogy, an experimental scenario for electrical spin detection and dynamic nuclear polarization in the low limit, over the regime of the radiation-induced zero-resistance states: A high-mobility 2DES might be irradiated with microwaves, at a frequency , in order to induce magnetoresistance oscillations, as in Section III-B. For the appropriate radiation intensity, a zero-resistance state would be manifested in the vicinity of , where . Upon realizing the desired zero-resistance condition, a second radiation field at frequency is applied to the specimen in order to induce spin flip transitions or ESR in the vicinity of . The frequency of this radiation, , should be selected to match the total spin splitting. Due to the strong temperature sensitivity of the resistance at the radiation-induced zero-resistance states resulting from activation transport characteristics [see Fig. 7(b) ], ESR induced by the radiation field ought to be manifested as a change in the electrical resistance, just as in the quantum Hall situation (Fig. 2) . One expects this behavior because, phenomenologically, the radiation at helps to suppress the residual scattering in the 2DES, and this should lead to an enhanced sensitivity to the ESR induced by , which might be viewed as a new resonant scattering channel.
A steady-state ESR, perhaps in the presence of an oriented current, might then be applied to dynamically polarize nuclei via the flip-flop interaction. This could be manifested as a broadening of the ESR line in analogy to Fig. 4 . One might now track the time evolution of the ESR line to measure the nuclear spin relaxation rate at low and study its sensitivity to magnitude of the diagonal resistance of the specimen, which can be tuned with the radiation intensity at . Finally, one might apply an RF-field at a frequency in order to induce-and electrically detect-nuclear magnetic resonance, as in Fig. 5 .
A goal would be to apply dynamic nuclear polarization and obtain polarized nuclear spin domains in the low magnetic field limit. Once polarized nuclear spin domains have been realized using the approach outlined above, RF-pulses might be applied to rotate the spin domain. Alternatively, one might examine the effect of magnetic field reversal with respect to the domain polarization axis, through such experiments.
The zero-field spin-splitting measurement scheme of Section III-C might also be applied toward the characterization and control of the electronic spin splitting due to the BychkovRashba and Dresselhaus terms in GaAs-AlGaAs [53] , [54] , [64] . According to Tarasenko and Averkiev [64] , beats should be observable when either the Bychkov-Rashba or the Dresselhaus terms are manifested in the specimen, and the beats should disappear when the two contributions are equal in magnitude. Thus, in a high-mobility quantum well with a negligible electric field along the growth direction, one might first investigate the beats originating from the Dresselhaus effect. Then, a top-gate might be utilized to change the electric field along the growth direction and change/introduce the Bychkov-Rashba term.
Perhaps, the top-gate can also be applied to change the electron spin resonance condition at a fixed magnetic field. Then, if one wishes to preferentially polarize the nuclear spin on one domain, while leaving the nuclear spin of other domains unchanged, the Bychkov-Rashba effect can be utilized to bring into-or take out of-the ESR condition the domain of interest, with the help of the top-gate, since the gate influence will be local only to the addressed domain.
V. SUMMARY
The manipulation, measurement, and control of electronic and nuclear spin have been important themes in the spintronics paradigm [1] , which aims to realize novel devices that utilize also the spin degree of freedom [65] , [66] . Here, we have proposed spin measurement, manipulation, and control techniques, in a low magnetic field limit, in the high-mobility GaAs-AlGaAs system. In particular, we have suggested the possibility of operating on nuclear spins via electrons and electrically detecting the results, at low magnetic fields, over the regime of the recently discovered radiation-induced zero-resistance states in the GaAs-AlGaAs system. As discussed, one might try to extend by analogy the experimentally demonstrated electrical-detection, RF/microwave manipulation techniques from the quantum-Hall regime, into the low field limit, based on the observed phenomenological similarity of transport in the high field quantum Hall-and the low field radiation-induced zero-resistance-regimes. Success in this direction might lead to discrete, independently controlled, and separately measured nuclear spin memory cells that function at low magnetic fields, and might potentially serve as a long-term repository for the quantum information associated with a mobile electronic qubit [52] .
We have also identified a possible new method for characterizing the ZFSS. In particular, observed beats in the radiation-induced magnetoresistance oscillations have been suggested as a tool for characterizing the zero-field spin splitting originating from the Bychkov-Rashba effect and BIA in the GaAs-AlGaAs system [53] , [54] . Characterization and control of the zero-field spin splitting in GaAs-AlGaAs might advance this widely available material, which provides the highest mobility 2DES, as a potential host for the realization of the spin based devices at low-.
